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tually	 nonexistent.	An	updated	 scenario	 for	 the	origin	 and	 colonization	history	 of	
S. latissima	is	developed	as	follows:	We	propose	that	the	species	(or	species	complex)	
originated	in	the	northwest	Pacific,	crossed	to	the	northeast	Pacific	in	the	Miocene,	
and	 then	 crossed	 the	 Bering	 Strait	 after	 its	 opening	 ~5.5	Ma	 into	 the	 Arctic	 and	
northeast	Atlantic.	It	subsequently	crossed	the	Atlantic	from	east	to	west.	During	the	




approach	 of	 comparing	 inferred	 gene	 flow	 based	 on	 coalescent	 analysis	 versus	
Wright’s	island	model	suggests	that	equilibrium	levels	of	differentiation	have	not	yet	
been	reached	 in	Europe	and,	hence,	 that	genetic	differentiation	 is	expected	to	 in-
crease	further	if	populations	are	left	undisturbed.
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1  | INTRODUC TION









ample,	 Japan	 and	China,	 cultivating	 them	has	 allowed	 for	 increased	
production.	At	the	same	time,	the	demand	for	kelp	has	spread	around	
the	globe	 (McHugh	&	FAO,	2003).	Risks	associated	with	kelp	 farm-
ing	 include	 the	 introduction	of	 alien	 species	 and	 the	 loss	of	natural	
genetic	 variation.	 An	 example	 of	 alien	 species	 introduction	 is	 the	














and	 genetic	 connectivity	 for	 the	 cold	water	 kelp	 species	Saccharina 
latissima	(Linnaeus)	C.E.	Lane,	C.	Mayes,	L.D.	Druehl	&	G.W.	Saunders	
(“sea	 belt,”	 Figure	1)	 whose	 cultivation	 is	 developing	 in	 the	 north-
ern	Atlantic	 Ocean	 (Azevedo,	Marinho,	 Silva,	 &	 Sousa-	Pinto,	 2016;	
Forbord	et	al.,	2012;	Reid	et	al.,	2013).
The	 distribution	 range	 of	 S. latissima,	 which	 inhabits	 the	 lower	





which	 colonized	 the	Arctic	 and	North	Atlantic	 following	 the	open-
ing	of	the	Bering	Strait	about	5.5	Mya	(Bolton,	2010;	Marincovich	&	
Gladenkov,	1999).	The	Pleistocene	 ice	ages	shifted	 the	distribution	














continues	 at	 smaller—intraspecific—spatial	 scales.	 Significant	 and	
strong	 population	 structure	 is	 typically	 present	 among	 kelp	 popula-
tions	(Billot,	Engel,	Rousvoal,	Kloareg,	&	Valero,	2003;	Johansson	et	al.,	
2015;	Uwai	et	al.,	2006).	However,	low	levels	of	population	structure	
have	 been	 documented	 for	 regions	 with	 strong	 boundary	 currents	













specifics	of	 the	environment.	Dispersal	mechanisms	 in	kelp	 include	
floating	of	dislodged	sporophytes	or	sporophyte	fragments	(drifters)	




(Thomas,	 2002),	 but	 studies	have	 shown	 that	most	 drifters	 do	not	
travel	far	(López,	Macaya,	Tala,	Tellier,	&	Thiel,	2017;	Reed,	Schroeter,	
&	Raimondi,	2004).	Meiospore	dispersal	distance	varies	with	species	









F IGURE  1 Sea	belt	Saccharina latissima	with	centimeter	scale.	
Photograph	credit:	Céline	Rebours



















mitochondrial	 cytochrome-	c-	oxidase	 I	 gene	 (for	 compatibility	with	
earlier	studies)	and	genotyped	novel	EST	(expressed	sequence	tag)-	
derived	 microsatellites.	 For	 both	 phylogeographic	 inference	 and	
genetic	connectivity	estimation,	we	took	a	coalescent	approach	to	
simultaneously	estimate	migration	and	timing	of	differentiation,	and	
to	 allow	 for	 the	possibility	 that	 equilibrium	between	 isolation	 and	
migration	may	 not	 yet	 have	 been	 reached	 (Hey	 &	Nielsen,	 2004;	
Nielsen	&	Wakeley,	2001).
2  | METHODS
2.1 | Field sampling and DNA purification











Custom	 primers	 were	 designed	 to	 amplify	 a	 portion	 of	 the	 mi-
tochondrial	 gene	 cytochrome-	c-	oxidase	 I	 (COI)	 (kelpCOIf:	
CATCGGTTATTAGCTCKTCA;	 kelpCOIr:	 5′-	 TGATACAAWACAGG 
ATCACCAC-	3′)	based	on	an	alignment	of	COI	for	kelp	species	sourced	
from	Genbank.	The	PCR	mixture	consisting	of	1	μl	of	DNA	template	
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initial	denaturation	at	94°C	for	4	min,	35	cycles	at	94°C	for	30	s,	40°C	







no.	 SRR305166	 (Genbank,	 Heinrich,	 Valentin,	 Frickenhaus,	 John,	
and	Wiencke,	 2012)	 by	 searching	 for	 dinucleotide	 and	 trinucleo-
tide	 repeats.	Primers	were	designed	 for	42	potential	microsatellite	
markers	 and	 tested	 on	 eight	 different	DNAs	 for	 consistent	 ampli-












extension	 at	 72°C	 for	 10	min.	 Electrophoresis	was	 carried	 out	 on	
ABI	capillary	sequencers	at	Baseclear	B.V.	(Leiden,	the	Netherlands;	





adjusted	 to	 account	 for	 multiple	 testing	 in	 pairwise	 comparisons.	
Microsatellite	 DNA	 variation	 among	 kelp	 individuals	 was	 visualized	






coalescent	simulations	 in	 IMa2	 (Hey,	2010).	Only	pairs	of	popula-
tion	 samples	were	 examined,	 because	we	were	 interested	 in	 the	
order	 of	 colonization	 events	 and	 a	 population	 tree	 could	 there-
fore	 not	 be	 a	 priori	 defined.	 Coalescent	 simulations	 consisted	 of	
three	 independent	 runs	 for	each	comparison,	each	 run	consisting	










Atlantic	 Ocean	 (mitochondrial	 sequences	 only):	 among	 the	 Faroe	
Islands	(SF,	this	study),	Brittany	(SB,	this	study),	and	northwest	Atlantic	
(NWA,	 combined	data	 from	Atlantic	Canada,	 and	Maine	 and	Rhode	
Island	 in	 the	 USA	 from	McDevit	 and	 Saunders	 (2010)).	 The	 north-
east	Pacific	 (NEP)	 from	McDevit	 and	Saunders	 (2010)	 could	not	 be	
included	because	of	its	small	sample	size	(N	=	6),	nor	the	Arctic	data	
from	Churchill,	Manitoba,	 because	 that	 area	 is	 a	 secondary	 contact	
zone	 for	S. latissima	 between	NEP	 and	NWA	 (McDevit	&	 Saunders,	
2010),	which	does	not	 fit	 the	 isolation-	with-	migration	model.	A	 fur-
ther	21	pairwise	comparisons	were	carried	out	at	 the	smaller,	 intra-	














COI	 in	Haslea ostrearia	 (Genbank	accession	number	HE995416)	and	
Skeletonema ardeus	 (KM202114),	 which	 share	 a	 common	 ancestor	







tive	COI	sequences	 for	 these	 two	 taxa	 (AP011493	and	AP011498),	
we	 find	a	p-	distance	of	0.04633	and	a	divergence	 rate	of	0.9572%	
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Seven	 different	 haplotypes	 with	 six	 variable	 sites	 were	 de-






for	 the	 same	 species	 from	McDevit	 and	 Saunders	 (2010)	 and	 from	
the	closely	related	species	Saccharina cichorioides	and	S. japonica	from	









from	 culture	 lines	 to	 assess	 any	 differences.	 Strong	 and	 significant	
genetic	 differentiation	between	 samples	was	 found	 in	 a	majority	of	
cases.	The	COI	sequences	showed	a	lack	of	differentiation	among	the	
samples	from	Denmark,	Ireland,	southern	and	northern	Norway,	while	
all	 other	 comparisons	were	 strongly	 and	 significantly	 differentiated	
(Table	2).	Genetic	differentiation	based	on	microsatellite	markers	was	
significant	 for	 all	 comparisons,	 regardless	 of	whether	 samples	 from	
Faroe	culture	lines	were	taken	into	account	(Table	2).	The	overall	level	
of	 population	differentiation	was	 strong	 and	 significant	 (FST	=	0.268	
(p < .001)).	This	 can	 also	be	 seen	visually	 from	principal	 coordinates	
analysis	of	the	microsatellite	data	(Figure	4).
3.3 | Colonization history
Results	 from	 coalescent	 analyses	 at	 the	 larger	 spatial	 scale	 of	 the	
North	 Atlantic	 basin	 based	 on	 mitochondrial	 COI	 sequences	 are	
shown	in	Table	3A	and	Figure	S1.	Results	among	independent	runs	
with	 the	 same	 data	 and	 settings	were	 highly	 reproducible	 (Figure	
S1).	Present-	day	effective	population	sizes	were	estimated	to	range	
between	114	and	788	per	population,	while	for	ancestral	effective	
population	 sizes	 posterior	 probability	 densities	 distributions	 were	
too	flat	to	allow	meaningful	inferences	(Figure	S1).	Population	sub-
division	 time	 for	 the	 comparisons	 between	 eastern	 and	 western	
North	Atlantic	was	estimated	to	be	between	1.22	and	1.68	million	
years	ago	(Mya).	Because	the	eastern	North	Atlantic	haplotypes	are	
more	closely	 related	 to	 the	western	North	Pacific	haplotypes	 than	
the	 western	 North	 Atlantic	 haplotypes	 are	 (Figure	3),	 it	 is	 more	
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3.4 | Genetic connectivity





Inferred	 present-	day	 effective	 population	 sizes	 were	 again	 small	
and	in	the	order	of	a	few	to	a	few	dozen	sporophytes	with	the	ex-
ception	of	 the	Faroe	 Islands	 in	 its	 comparison	with	Denmark	 (101	
sporophytes),	 and	 Ireland	 in	 its	 comparison	with	 the	Wadden	Sea	
(212	sporophytes)	(Table	3B).	Inferred	migration	rates	were	low	and	
typically	well	below	one	effective	one-	way	migrant	per	year,	with	
a	 few	 exceptions	 including	 various	 connections	 among	 the	 sam-
ples	 from	Denmark,	 Faroe	 Islands,	 Ireland,	 northern	 and	 southern	
Norway	(2Nem	ranging	from	1.485	to	3.11),	as	well	as	from	Brittany	
to	the	Wadden	Sea	(2Nem	=	1.214).
3.5 | Comparing equilibrium and nonequilibrium  
inferences
Genetic	connectivity	was	estimated	in	two	different	ways:	One	as-
sumes	 that	 equilibrium	 between	 isolation	 and	migration	 has	 been	







ΦST 0.936 (0.932) 94%	(93%)
FST 0.318 (0.267) 32%	(27%)
FIS 0.090 (0.275) 62%	(53%)
FIT 0.379 (0.468) 6%	(20%)
Pairwise comparisons
SB SD SF SI SL SN SW
SB — 0.849 0.967 (0.980) 0.937 0.960 0.967 0.967
SD 0.177 — 0.840 (0.844) 0.075 0.061 0.093 0.927
SF 0.153 (0.176) 0.071 (0.052) — 0.933 (0.960) 0.958 (1.000) 0.965 (1.000) 0.988 (1.000)
SI 0.106 0.140 0.135 (0.121) — −0.016 −0.00115 0.982
SL 0.103 0.097 0.056 (0.092) 0.064 — 0.000 1.000
SN 0.096 0.084 0.098 (0.093) 0.087 0.050 — 1.000





















4272  |     LUTTIKHUIZEN ET aL.
other	 does	 not	 make	 this	 assumption	 (coalescent	 analysis).	 A	 sig-
nificant	correlation	was	found	(r = .5129; p = .017424)	between	con-
nectivity	 estimates	 assuming	 equilibrium	 and	 those	 not	 assuming	












ther	 in	 the	 future,	 unless	 exchange	 between	 natural	 kelp	 stands	






data	would	have	been	expected	 to	 cluster	 around	 the	 line	of	unity.	
Given	enough	time,	newly	established	populations	will	reach	equilib-
rium	levels	of	differentiation	that	are	the	result	of	a	balance	between	
isolation,	 mutation,	 lineage	 sorting,	 and	 gene	 flow.	 In	 1984,	 it	was	
shown	by	Crow	and	Aoki	that	the	time	for	FST	(a	measure	of	popula-










Sample pair T Na Nb ma>b mb>a
SB	vs.	SF 0.174	×	106	(0.171–0.176) 126	(124–129) 121	(116–124) n.e. n.e.
SB	vs.	NWA 1.29	×	106	(1.22–1.32) 145	(136–154) 788	(776–797) n.e. n.e.
SF	vs.	NWA 1.61	×	106	(1.55–1.68) 114	(109–120) 780	(778–783) n.e. n.e.
B
SL	vs.	SN 7 39.37 18.12 3.07 0.144
SL	vs.	SF1 77 13.12 50.62 0.430 0.0294
SL	vs.	SD 4 4.38 25.62 0.0911 2.25
SL	vs.	SW 122 59.37 0.63 0.0347 0.0164
SL	vs.	SI 88 59.37 30.62 0.602 1.485
SL	vs.	SB 38 36.87 26.87 0.0730 0.222
SN	vs.	SF1 118 54.37 45.62 0.00563 2.78
SN	vs.	SD 19 16.87 40.62 0.249 0.775
SN	vs.	SW 153 56.87 0.63 0.00113 0.0194
SN	vs.	SI 18 58.12 35.62 3.11 0.655
SN	vs.	SB 242 30.62 33.12 0.448 0.0788
SF1	vs.	SD 24 24.37 100.60 0.00456 0.125
SF1	vs.	SW 41 19.37 0.63 0.258 0.0294
SF1	vs.	SI 88 63.12 119.40 0.0559 2.23
SF1	vs.	SB 264 49.37 28.12 0.266 0.419
SD	vs.	SW 106 14.37 0.63 0.0587 0.0107
SD	vs.	SI 11 10.62 83.12 0.0854 0.625
SD	vs.	SB 100 40.62 10.62 0.156 0.239
SW	vs.	SI 5 211.90 0.625 0.309 0.0676
SW	vs.	SB 156 58.12 1.88 1.21 0.0400
SI	vs.	SB 375 40.62 59.37 0.8065 0.987









The	 conclusion	 that	 population	 differentiation	 of	 S. latissima 






fact	 that	 stochasticity	 among	 loci	 is	 expected	 to	 be	 significant.	
Furthermore,	 using	multiple	 independent	 loci	 to	 infer	 past	 evolu-
tionary	 processes	 should	 lead	 to	 better	 estimates	 than	 the	 single	
linked	molecule	of	the	mitochondrion	(Hudson	&	Turelli,	2003).
Physical	barriers	in	the	form	of	long	stretches	of	coastline	with	
no	 hard-	bottom	 substrates	 and	 of	 deeper	 waters	 between	 the	
European	mainland	 and	 islands	 are	 apparently	 not	 bridged	 by	 the	
potential	dispersal	capacities	provided	by	floating	sporophyte	frag-
ments	 and	drifting	meiospores.	 This	 is	 in	 accordance	with	 studies	










size	 fluctuations,	which	 is	more	 likely	 to	be	 the	 case	 for	 locations	
which	at	present	house	vast	kelp	forests	such	as	the	Norwegian	sites	
and	 Brittany	 (Bekkby,	 Rinde,	 Erikstad,	 &	 Bakkestuen,	 2009;	 Billot	
et	al.,	 2003).	 Third,	 inbreeding	 is	 typically	 possible	 in	 kelp	 species	
and	 a	 factor	 in	 lowering	 the	 number	 of	 effectively	 interbreeding	
individuals	 (Coleman,	 2013;	 Johansson	 et	al.,	 2013).	 Inbreeding	 is	
likely	 to	be	a	key	 factor	 in	 the	western	Wadden	Sea	 location,	be-
cause	 it	houses	 such	a	 small	number	of	 sporophytes.	The	high	FIS 
value	 observed	 for	 the	 microsatellite	 data	 for	 that	 site	 corrobo-













tribution	 of	 the	 species	was	 compressed	 to	 the	 south	 during	 early	
glaciation	episodes	 leading	to	 isolation.	From	this	state	of	 isolation,	
recolonization	 of	 the	 northeast	 Pacific	 and	 the	 northwest	 Atlantic	
would	have	occurred	postglacially	 from	a	European	 source.	 Finally,	
contact	is	thought	to	have	reestablished	and	to	have	resulted	in	hy-
bridization	 in	 the	 Canadian	Arctic	 and	 perhaps	 also	 the	 northwest	
Atlantic	 (see	figs.	10-	12	 in	McDevit	and	Saunders,	2010).	The	min-
imum	 spanning	 network	 and	 coalescent	 analyses	 presented	 here	
provide	 support	 for	parts	of	 this	hypothesis	but	not	others.	Firstly,	
S. latissima’s	close	relatives	S. japonica	and	S. cichorioides	 (both	orig-
inating	from	Japanese	and	other	east	Asian	waters)	are	found	to	be	





pling	 regime	 specifically	 designed	 to	 infer	 species	 phylogeography.	





3),	but	 the	estimates	 from	COI	coalescent	analyses	of	more	 than	a	
million	years	 (Table	3A)	makes	 postglacial	 transatlantic	 colonization	
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consistent	with	the	new	analyses	presented	here	is	that	transatlantic	
colonization	of	S. latissima	happened	before	or	during	the	Pleistocene	













ter	 ties	 in	 to	 our	 observation	 that	what	 is	 known	 as	S. cichorioides 
with	a	temperate	Asian	distribution	is	so	similar	in	its	COI	sequence	
that	we	conclude	 that	 it	 belongs	 to	S. latissima	 (Figure	3).	This	was	
also	suggested	by	Lane,	Mayes,	Druehl,	and	Saunders	(2006)	in	their	
taxonomic	revision	of	the	order	Laminariales	after	noting	that	its	ITS	





Summarizing,	 the	 new	 data	 and	 analyses	 presented	 here	 lead	
to	 the	 following	 updated	 hypothesis	 for	 the	 origin	 and	 historical	
distribution	of	S. latissima.	 It	originated	 in	the	colder	waters	of	the	
Asian	Pacific	and	colonized	the	northeast	Pacific	by	the	end	of	the	
Miocene.	 After	 the	 opening	 of	 the	 Bering	 Strait,	 it	 colonized	 the	
north	Atlantic	 across	 the	Arctic,	 initially	 forming	 a	 continuous	 cir-














timing	of	 events	 is	 less	 clear	 (Table	3B)	because	mutation	 rates	of	





provides	 an	 estimate	 of	 174,000	years	 ago	 for	 the	 oldest	 popula-
tion	divergence	among	extant	European	S. latissima.	This	estimate	is	
consistent	with	population	expansion	in	Europe	dating	back	to	the	














of	 a	 natural	 colonization	event	 from	 the	English	Channel,	 but	 it	 is	
currently	genetically	 isolated	from	it.	Present-	day	exchange	among	
the	 locations	 studied	 is	 virtually	 nonexistent.	 Therefore,	 further	
research	 should	 be	 conducted	 regarding	 acceptable	 distances	 for	
transporting	S. latissima	 from	wild	 stands	 to	 cultivation	 sites	with-
out	disturbing	the	natural	genetic	composition	(Stévant,	Rebours,	&	
Chapman,	2017).
In	 conclusion,	 the	populations	of	S. latissima	 as	we	know	 them	
today	demonstrate	a	clear	and	consistent	signature	of	a	deep	bio-







derived	 from	 genetic	 differentiation	 (Figure	5)	 has	 proven	 an	 ef-
fective	tool	to	determine	whether	equilibrium	population	differen-
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